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The METAPHIX project is a collaboration between CRIEPI and JRC-ITU investigating safety and perfor-
mance of a closed fuel cycle option based on fast reactor metal alloy fuels containing Minor Actinides
(MA). The aim of the project is to investigate the behaviour of this type of fuel and demonstrate the
transmutation of MA under irradiation. A UPuZr metallic fuel sample irradiated to a burn-up of 7 at.% was
examined by electron probe microanalysis. The fuel sample was extensively characterised qualitatively
and quantitatively using elemental X-ray imaging and point analysis techniques. The analyses reveal a
signiﬁcant redistribution of the fuel components along the fuel radius highlighting a nearly complete
depletion of Zr in the central part of the fuel. Numerous rare earth and ﬁssion products secondary phases
are present in various compositions. Fuel cladding chemical interaction was observed with creation of a
number of intermediary layers affecting a cladding depth of 15e20 mm and migration of cladding ele-
ments to the fuel.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Closed nuclear fuel cycles, based on separation from spent fuel
and subsequent recycling of Pu, U as fuel, and transmutation of
Minor Actinides (MA) Np, Am, Cm, are developed worldwide to
ensure sustainable energy supplies while minimizing the long-
term radiotoxicity of the resulting high level waste [1e3].
In this context, the METAPHIX project, a collaboration between
the Central Research Institute of Electric Power Industry and the
Joint Research Centre Institute for TransUranium elements (JRC-
ITU), is devoted to the safety and performance study of MA-
containing fast reactor metal fuels. Nine Na-bonded fuel pins
loaded with four U-Pu-Zr-based alloy compounds were fabricatedBremier).
B.V. This is an open access article uin ITU [4]. Two compounds contained rare earths (RE: Y, Ce, Nd, Gd)
in addition to MA (Np, Am, Cm), reproducing the output of pyro-
metallurgical reprocessing of LWR spent fuel. The fuel was irradi-
ated in the PHENIX reactor with the support of the Commissariat a
l'Energie Atomique et aux energies alternatives (CEA, France) until
May 2008, achieving burn-up levels of ~2.5 at.%, ~7.0 at.% and
~10.0 at.% [5]. Post-Irradiation Examination (PIE) is performed at
ITU. Details on fuel properties, the irradiation campaign and PIE
results on the low and medium burn-up fuel were reported pre-
viously [6e8].
Since the 1960s electron probe microanalysis (EPMA) is an
important technique for a broad range of applications in nuclear
sciences. Onemain target is to improve the safety of the nuclear fuel
cycle, by studying the chemical and physical properties of spent
nuclear fuel and its ﬁssion products, either solids, volatiles, or gases,
after the irradiation [9]. The fuel types most commonly studied bynder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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elucidate mechanisms involved in processes such as the thermal
ﬁssion gas release and the formation of the high burn-up structure
[10,11]. In the area of metal alloy fuels, scarce data is available in the
literature. Porter at al. reported on EPMA data of a full length U-Pu-
10Zr [wt%] pin irradiated to a burn-up of 10 at.% in the Fast Flux Test
Facility [12]. EPMA was used to evaluate the redistribution of the
basic elemental components of the fuel and to compare the
measured compositions with the expected microstructure.
Meyer et al. [13] reported wavelength radial dispersive spec-
troscopy proﬁles for the fuel elements and minor actinides (Np, Am)
in as-fabricated fuel and after irradiation in the context of the X501
experiment. The quantitative proﬁles, although of limited lateral
resolution, provide valuable data on the distribution of themeasured
elements and on the presence of Am enriched precipitates.
The fuel-cladding interaction of metallic alloy fuels irradiated in
the Experimental Breeder Reactor-II (EBR-II) was extensively
studied by Keiser as summarised in Ref. [14]. Using EPMA and SEM-
EDS elemental line scans and X-ray mapping performed on a
number of alloys varying in burn-up, fuel and cladding composi-
tion, Keiser assessed the width of the fuel-cladding interaction
zones and the presence of fuel, of ﬁssion products (FP) and of
cladding elements in the different layers identiﬁed. Although only
qualitative or semi-quantitative at best, the microanalysis data
correlated with out-of-pile diffusion couples and relevant phase
diagrams was essential in gaining a valuable insight of the metal
fuel-cladding interaction.
This article reports the results of the ﬁrst electron probe
microanalysis of an irradiated metallic alloy fuel carried out at JRC-
ITU. The 71U-19Pu-10Zr [wt%] base alloy fuel had been irradiated
up to a target burn-up of ~7.0 at.%. The objectives of the EPMA in-
vestigations were two-fold. First, by using state of the art experi-
mental and data processing techniques, to obtain an extensive
characterization of the full sample, including cladding and fuel
regions. During the present study, the distribution of the fuel and
cladding constituents as well as of the RE and ﬁssion product were
assessed. The identiﬁed fuel and secondary phases were all fully
quantitatively analysed and their composition compared to the
relevant phase diagrams. Second, the present EPMA examinations
on a “simple” compound, not containing any MA and RE, were
meant to serve as a reference for future investigations of more
complex MA- and RE-containing fuels.
2. Fuel characteristics
The sample from Metaphix-2 was irradiated for 8 cycles in the
Phenix reactor, France. It was cut from rod MET-1-4 at x/L ¼ 0.96,
480 mm from the bottom of the fuel stack. The sample experienced
maximum linear power of 313W/cm. The initial composition of the
fuel was 71U-19Pu-10Zr wt%. The cladding was austenitic steel of
initial composition Fe-15Cr-15Ni-0.5Ti wt% [15].
The temperatures are calculated by means of ALFUS code for the
beginning and end of irradiation; the temperature ranges for the
sample in consideration are 773e823 K at the periphery and
873e923 K in the fuel centre [16].
3. Experimental
3.1. Specimen preparation
The sample was removed from the fuel pin using a SiC cutting
wheel, vacuum impregnated with epoxy resin and mounted in a
special aluminium holder to facilitate handling by manipulators.
After grinding, the specimen was polished using a suspension of
1 mm diamond powder. Grinding and polishing were repeated untila surface ﬁnish of good metallographic quality was obtained. The
preparation routine for the electron microprobe sample includes a
decontamination step to avoid carry-over of radioactive aerosols or
particles to clean areas of the laboratory as well as to the chamber
and electron column of the microprobe. In this step, ﬁssion product
caesium smeared over the sample surface and alpha active pol-
ishing debris are stripped from the sample surface via repeated
washing in ultrasonic bath using absolute ethanol. Additionally,
owing to the rapid oxidation of the irradiated metallic fuel in air,
the sample was prepared in a dedicated hot cell under a nitrogen
atmosphere containing less than 0.2% O2 and kept under vacuum
during transfer to the shielded microprobe.
3.2. Electron probe microanalysis (EPMA)
EPMAwas carried out using a state of the art shielded Cameca SX
100 specially shielded and modiﬁed to permit the analysis of irra-
diated nuclear fuels [9]. Analysis was performed on a specimen
coated with a conducting ﬁlm of aluminium approximately 20 nm
thick to avoid charging effects. The standardswere also coated at the
same time; this removed the necessity for correction for the ﬁlm.
The conditions used for the quantitative point analysis and
elemental mapping of all the elements analysed are summarised in
Table 1. With exception of the major cladding constituents, all el-
ements were quantitatively analysed at an electron acceleration
potential (E0) of 25 kV and a beam current of 250 nA. Nickel, iron
and chromium were analysed at 25 kV and 20 nA. Owing to their
high concentration, the standards were measured at a lower beam
current than the fuel (20 nA instead of 250 nA). For the analysis of
Cs, Nd, Ce, La, Pr, Y and Eu, a pollucite (Cs) and phosphate standards
are used (see Table 1). Since these compounds have low thermal
conductivity under the conditions used for fuel analysis the tem-
perature in the vicinity of the beam rises by several hundred de-
grees. As a result, the intensity of the X-ray signal falls continuously
when the counting time is prolonged beyond 20 s. Thus to obtain a
stable signal the standard was analysed at a beam current of 5 nA
and the beam defocused to a 10 mm spot. The measurements were
carried out in spot mode with a dwelling time of 50 s on peak and
25 s for the 2 background positions. The dead timewas ﬁxed at 3 ms.
The matrix correction was made using the PAP [17] option in both
the CAMECA PeakSight and Probe for EPMA® microanalysis pro-
grams. Xe was quantiﬁed using Sb together with a correction factor
as a standard. The correction factor recently determined for the
SX100 R microprobe was used [18]. Corrections for spectral in-
terferences were performed using the databases for element X-ray
lines from both the CAMECA PeakSight and Probe for EPMA®
microanalysis programs.
4. Electron probe microanalysis results
4.1. Secondary electron (SE) image of the sample
Fig. 1 shows a SE image of the analysed fuel sample. The grey-
level contrast permits to distinguish the cladding surrounding the
fuel. In the fuel, 2 major phases can be seen, a porous phase on the
outer part and a dense core phase in the centre of the sample. The
white rectangles mark the regions selected for EPMA.
4.2. Distribution of the initial fuel elements: Pu, Zr and U
Fig. 2 shows elemental X-ray large area radial maps for the fuel
constituents Pu, Zr and U. An absorbed electron image (ABS) of the
same area is also displayed. The maps reveal the heterogeneous
distribution at the ingot scale of the elements along the fuel radius
where 3 major areas are distinguished.
Fig. 1. Secondary electron image of the sample obtained by collage of a mosaic of 9 * 10
images of 256*192 pixels for a total dwell time of 45 min. The 90 individual secondary
electron images were acquired at an acceleration potential E0 of 15 kV and a beam
current Ib of 5 nA.
Table 1
Conditions used for quantitative electron probe microanalysis.
Element X-ray line Diffracting crystal E0 (KeV) I (nA) Standard Interference corrections for
U Ma QTZ 25 250 UO2 Pd
Pu Mb QTZ 25 250 PuO2 U, Zr, Fe
Zr La PET 25 250 ZrO2
Xe La QTZ 25 250 Sb La
Cs Lb LIF 25 250 Pollucite La, Nd
Mo La PET 25 250 Mo
Nd La LIF 25 250 NdPo4
Ru La PET 25 250 Ru
Ce La QTZ 25 250 CePO4
Rh La PET 25 250 Virtual
Pd Lb PET 25 250 Pd
La La QTZ 25 250 LaPO4 Nd, Cs
Pr La LIF 25 250 PrPO4 Xe, La
Eu La LIF 25 250 EuP5O14 Pr, Nd
Gd La LIF 25 250 Gd La, Ce
Y La PET 25 250 YP3O9
Ni Ka LIF 25 20 IRX glass
Fe Ka LIF 25 20 Hematite Ru
Cr Ka QTZ 25 20 Chromite
Ti Ka PET 25 250 SrTiO3 Pu
S. Bremier et al. / Journal of Nuclear Materials 480 (2016) 109e119 111The quantitative radial distribution for the three fuel elements is
shown Fig. 3. The horizontal dashed line corresponds to the initial
composition of the fuel, which contained 71 wt%, 19 wt% and 10 wt
% for U, Pu and Zr respectively.
From the radial edge of the ingot to approximately mid radius
(0.45 < r/r0 < 0.99), a porous fuel microstructure is observed. This
outer region is mostly constituted of 2 fuel phases. Close to the
surface (r/r0 > 0.9), the uranium concentration (69 wt%) is nearly
similar to the initial fuel content. Both Pu and Zr appear 4wt% lower
than the fuel before irradiation. Going towards the inner part of this
region, the Zr concentration tends to become close to the initial
concentration while U exhibits a constant decrease (63 wt% at r/
r0¼ 0.45) and a corresponding enrichment of Pu is observed (22 wt%). The second fuel phase is present as precipitates with size of
about 10e20 mm with local Zr concentrations over 38% wt as seen
on the X-ray map for Zr shown in Fig. 4a. Zr precipitates are also
observable, at r/r0 ¼ 0.45, as quasi-square (cubic) where Zr up to
40 wt% is alloyed with Ru (Fig. 4b).
In the region r/r0¼ 0.39e0.45, a dense phase is present (“crust”).
The 140 mmwide crust phase consists mainly of uranium (78% wt%)
and plutonium (18 wt%) homogenously distributed with very little
zirconium present (1.1 wt%).
In the central region, (0 < r/r0 < 0.39), the large area X-ray maps
(Fig. 2) reveal that amongst the initial fuel constituents only U and
Pu are present in detectable quantity. The quantitative local X-ray
maps, Fig. 5, additionally show that the elements are not uniformly
distributed. Two phases presenting a uranium concentration higher
than as-fabricated exist; “Core I” (82e85 wt% U and 11 to 14 wt%
Pu) and “Core II” (78e80 wt% U and 17 to 18 wt% Pu). Additional
small size fuel phases with local enrichment of 4 wt% U and 4 wt%
Pu relative to Core I (“U-rich Core I”) and Core II (“Pu-rich Core II”)
respectively are observed at r/r0 ¼ 0.13 and 0.33.
From the large area X-ray Pumap (Fig. 2) it is observed that Core
I looks like a continuous phase (green) that embeds Core II regions.
The Pu map clearly shows that the size distribution of the latter
regions evolves with the radial position. In the central region (r/
r0 < 0.25), the Core II phase size exceeds 100e200 mm.
All phases are nearly completely depleted in Zr. This element is
only detected in secondary phases as shown on the X-ray map in
Fig 4c where it is associated mainly with Ru and to a lesser extent
with Mo, Pd and Rh.4.3. Xenon and caesium
No signiﬁcant presence of Xe and Cs was observed in the fuel
phases. These elements were found associated with second phases.
The distribution of the Xe and Cs over the radius of the fuel ingot is
not homogeneous; the spot density is higher at the periphery of the
fuel where Xe is distributed in Zr particles and in small precipitates.
A small number of Xe spots are also observed in the central region
while no Xe is found in the crust region where the matrix phase is
particularly dense. Cs exhibits an inhomogeneous distribution
similar to that for Xe. However, there seem to be no direct associa-
tion between Xe-rich and Cs-rich spots in the fuel matrix. Since Cs is
an alkali it most likely behaved and mixed with the Na that
Fig. 2. Radial absorbed electron image and elemental X-ray mapping for Pu, Zr and U revealing the microstructure and the distribution of the fuel constituents after irradiation. The
maps were built as a collage of 4 smaller maps obtained with an E0 of 25 kV and a primary current of 100 nA. The AE large area image has a total resolution of 1024 768 pixels. The
X-ray maps total resolution is 2905  410 pixels and covers an area of 2.9*0.4 mm. The total dwell time was 52 h.
S. Bremier et al. / Journal of Nuclear Materials 480 (2016) 109e119112inﬁltrated the fuel during irradiation; i.e. both elements were
detected in the upper plenum of the fuel pin during PIE [16]. How-
ever, Na was removed during sample preparation so there is a high
chance that the Cs distribution has been affected by this operation.4.4. Fuel-cladding interface
The microstructure in the region (r/r0) > 0.99 is very complex.
Fig. 6 shows a selection of quantitative X-ray maps of the fuel
components (U, Pu, Zr), of the 3 main cladding constituents (Fe, Ni,
Cr), of ﬁssion products (Xe and Cs) and of elements representative
of the noble metals and rare earths (Ce and La) obtained in this
region. From the maps, it is possible to identify several features or
phases. A schematic representation of the zones considered is
shown in Fig. 7, where each observed phase is tentatively labelled.
The fuel phase includes Mo, Ru, Rh, Pd, Ce and Nd as trace ele-
ments. Cladding elements such as Fe and Ni have diffused into the
fuel. Diffusion of other cladding elements, such as Cr and Ti was not
observed. Precipitates (Zr-Ni phase) enriched in Ni (6.7 wt%) and Fe
are present on the fuel side.
A Pu-free area is observed at the outer surface of the fuel. This
fuel region is not homogeneous; it includes discrete precipitates of
Zr-Ni and a Zr-rich phase.
The Zr-rich phase is a layer 5 mm thick, which consists of Zr
(33e47 wt%), Fe (18 wt%), Cr (6 wt%), U and Pu (15 wt% and 3 wt%
respectively). Small amounts of rare earth (less than 4 wt%) are also
included.
A Pu-rich phase, consisting of a layer a few mm thick, lays at the
cladding inner surface. The main constituents are Pu measured up
to 57 wt%, and Fe (29 wt %).
A Cr-rich phase was also observed: it is a thin layer of 5e8 mm
wide formed on the cladding sidewhere Cr concentration is 23wt%.
In addition to Cr, rare-earth elements (Ce, La, Nd) are also present in
signiﬁcant amount, ~16 wt%.5. Discussion
5.1. Irradiation temperatures and estimation of the fuel phases
The ternary phase diagrams obtained experimentally by O'Boyle
and Dwight [19] and based on thermodynamic calculations byKurata [20] were employed for fuel phase identiﬁcations. The
temperature range considered was between 773 K at the fuel
cladding interface and 873 K in the fuel centre as calculated by the
ALFUS code based on the irradiation experimental data [16].
Although the fuel microstructure is not homogeneous over the
radius and this could affect the local thermal conductivity, the
estimation of the temperature at different relative radius was made
considering a linear gradient of 100 K between surface and centre
as described by Ogata in Ref. [21].5.2. Estimation of the fuel phases and redistribution of the main
elements (U, Pu, Zr)
Table 2 describes schematically all fuel phases identiﬁed, their
relative radius position and corresponding temperature, the range
of composition (in wt%) for the fuel elements measured by point
analysis, the related normalised fuel element compositions (in at.%)
and the corresponding fuel phases.
The radial distribution of the fuel elements concentrations is
shown Fig. 3. The large area elemental maps revealed a nearly
complete depletion of Zr in the central part of the fuel while in the
outer part of the fuel the Zr concentration is close to the pre-
irradiation nominal composition (10 wt%). This conﬁrms previous
observations by optical microscopy and SEM-EDX on other samples
with 2 and 7 at.% burn-up [8]. Considering that no axial migration
of Zr is expected in the fuel pin [22], the Zr inventory is balanced by
the presence of the Zr-rich secondary phases or precipitates. As
seen in the ﬁgure, the U concentration exhibits an opposite radial
trend to the plutonium and zirconium concentrations. In the cen-
tral region, the two phases present show a uranium concentration
higher than as-fabricated. In the outer fuel region, the point anal-
ysis results conﬁrm a local depletion in uranium and corresponding
enrichment in plutonium.
At the macroscopic scale, the fuel sample exhibits 3 major mi-
crostructures. At the periphery of the fuel sample a phase consti-
tuted by (dþaþz) predominates. Characteristic of this fuel phase is
the high degree of porosity (large cavities) that is associated with a
high content of a-phase U [23,24].
In the region, r/r0 ¼ 0.36e0.45, the so called “crust” dense re-
gion is identiﬁed as z phase on the ternary phase diagram at 823 K.
This dense phase is characterised by a very ﬁne porosity [25].
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Fig. 3. Radial distribution of the concentration of fuel elements Zr, U and Pu in the fuel matrix. The dashed black lines indicate the nominal pre-irradiation composition of the fuel.
S. Bremier et al. / Journal of Nuclear Materials 480 (2016) 109e119 113According to Hofman and Walter [24] the fuel phase in the
central area is expected to be the high temperature g phase. Careful
examination of the high magniﬁcation SE and X-ray images ob-
tained in this region would qualitatively conﬁrm this conclusion
since the images reveal the presence of big pores and gas bubbles
that are usually characteristic of the g phase morphology [21].
However, quantitative composition analysis is contradicting this
conclusion. In the considered temperature range, the typical Zrconcentration of g phase is over 40 at.%; however, the measured Zr
concentration in the central region is <0.5% wt%. The quantitative
composition measurements (labelled Core I and II Table 2) are
consistent with Kurata's ternary phase diagram [26] at 868 K,
which predicts the presence of a mix of (b-U þ z) in different
proportions. This apparent contradiction could be explained ac-
cording to Porter's description [27]; he observed that the fuel
restructuring precedes the constituent migration during the initial
Fig. 4. False colour quantitative X-ray maps for the distribution of Zr and Ru at different relative radii. (a) r/r0 ¼ 0.83 reveals the 2 fuel phases present in this region. (b) r/r0 ¼ 0.45
shows “quasi-square” precipitates where Zr is alloyed to Ru. (c) r/r0 ¼ 0.13 illustrates the nearly complete depletion of Zr from the core fuel matrix phases; the Zr present in the
precipitates is associated with Ru. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
S. Bremier et al. / Journal of Nuclear Materials 480 (2016) 109e119114stage of irradiation. In the present case, at the beginning of the
METAPHIX irradiation the conditions to form the ternary g phase
were met, hence the corresponding (and observed) morphologycould be established. In later stages of the irradiation, changes in
the temperature conditions enabled the relocation of Zr towards
the outer regions of the fuel, for example, to the Zr-Ru precipitates
Fig. 5. Absorbed electron image and false colour quantitative X-ray map for the distribution of U and Pu at relative radii: a) r/r0 ¼ 0.33; b) r/r0 ¼ 0.13. The images illustrate the 4 fuel
phases present in this region of the ingot. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
S. Bremier et al. / Journal of Nuclear Materials 480 (2016) 109e119 115described in Fig. 4, without affecting the morphology of the central
region.
The effect on the fuel integrity of the Zr depletion in the central
area of the fuel needs to be assessed with regards to risks of local
occurrence of liquid phase or melting. To this aim, in order to assess
the temperature that could be reached in the centre of the fuel, the
'worst case' situation was simulated. This worst case situation in-
cludes: outside temperature of 843 K; linear power of 313 W/cm
[10]; a redistribution of Zr outside of the central area as observed in
the sample after 7 at.% burn-up; an outer fuel/fuel gap of 56 mm
close to the crust region ﬁlled with Kr; 80% of the porosity at the
periphery ﬁlled with Na. The porosity radial proﬁle was taken from
Ogata [21]. The thermal conductivities for the fuel, for Na and for
the ﬁssion gas Kr were taken from Yun [28] and Lassmann [29]
respectively. Under these conservative conditions the maximum
temperature of the fuel in the central area was calculated to reach
1010 ± 70 K. The binary phase U-Pu diagram for a range of com-
positions of 80e85 at.% U [30] indicates that the presence of liquid
is observed only at temperatures higher than 1220 K conﬁrming
that the conditions for melting were not fulﬁlled.5.3. Secondary phases
5.3.1. RE-rich secondary phases
Table 3 describes all identiﬁed secondary phases, their relativeradius, the range of composition as measured by point analysis, the
related normalised elemental compositions and the corresponding
phases, based on constituent ratios.
RE-rich phases including additional elements such as noble
metals, namely Pd (17e23 wt%) and Rh (1.6e2.8 wt%) are observed
at different radial locations. The composition of the RE rich phases,
where RE includes Nd,Ce,Pr,La,Y,Gd,Eu as measured by quantitative
point analysis varies with the radial position and corresponds to
RE7(Pd,Rh)3 in the inner part (r/r0 < 0.87) and to RE3(Pd,Rh)2 in the
outer part of the fuel (r/r0 > 0.87).5.3.2. Behaviour of Ru
The only occurrence of Ru in the sample is in association with
Zr in precipitates, also including a few wt% of Mo, Rh and Pd. The
precipitates are found in the centre of the fuel (Fig. 4c) and on the
outer part of the crust phase (Fig. 4b) where they were labelled as
“quasi-squares”. The latter precipitate compositions include about
50 at.% Zr; a possible compound based on this composition is
Zr(Ru,U, Rh, Mo, Pd, Pu), which, similarly to ZrRu has a simple
cubic lattice structure and exists in the Ru-Zr phase diagram [30].
Similar phases were not found in the fuel periphery region. Similar
ZrRu precipitates were reported by Keiser [31] with additional
elements depending on the location in the fuel sample; i.e.
including Ni and Pd close to the fuel-cladding interface and con-
taining Mo, Tc, Rh and Pd at various locations in the fuel.
Fig. 6. Backscattered and absorbed electron images and false colour quantitative elemental X-ray maps for fuel, cladding and ﬁssion product elements showing the complex
microstructure resulting from elemental diffusion at the fuel-cladding interface. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web
version of this article.)
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the composition of the precipitates so no direct comparison is
possible with the measurements reported here.Zr
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Fig. 7. Schematic representation of the fuel-cladding region displaying the phases as
identiﬁed by electron microprobe analysis.5.3.3. Zr particle close to the fuel/cladding interface
A dense particle of over 20 by10 mm is visible on the sec-
ondary and absorbed electron image in Fig. 6. The Zr X-ray map
and the point analysis conﬁrmed that it contains over 80 wt% Zr.
Other elements, originating from fuel, cladding and rare earths
ﬁssion products are present as traces. Finding of such a particle
was not a single occurrence; similar particles were found
repeatedly along the sample perimeter, very close to the fuel
pellet interface. These particles are considered to be remnants of
a Zr-layer, possibly originating from the arc-melting stage of the
fuel preparation process. Fig. 8 shows a secondary electron image
where a nearly continuous Zr layer is observed at the fuel edge in
a lower burn-up fuel section. The electron dispersive spectrum
conﬁrms Zr as the only element detectable in signiﬁcant con-
centration in the layer. The low peaks for actinides also observed
in the spectrum originate from the fuel matrix adjacent to the
layer.
Table 2
Fuel phases observed along the radius of the fuel ingot (EPMA results).
Phase r/r0a U (wt%)b,c Pu (wt%)b,c Zr (wt%)b,c Av. norm. U/(UþPuþZr)d
(ratio of at.%)
Av. norm. Pu/(UþPuþZr)d
(ratio of at.%)
Av. norm. Zr/(UþPuþZr)d
(ratio of at.%)
Phase
diagram
T (K)
Estimation
of phase
Outer fuel >0.9 69.54 (2.01) 15.76 (0.41) 7.67 (1.02) 0.66 0.15 0.19 773 d þ a þ z
Outer fuel 0.45e0.9 62.97 (0.53)
68.59 (0.55)
17.57 (0.57)
22.24 (0.19)
8.45 (0.11)
10.27(0.10)
0.60 0.18 0.22 773 z þ d
Outer Zr-rich
fuel
0.83e0.9 42.64 (0.59) 15.89 (0.48) 38.05 (0.37) 0.27 0.10 0.63 773 d
U-rich Core I 0.45 82.69 (0.06) 14.41 (0.01) 0.28 (0.01) 0.85 0.14 0.01 823 a-U
Crust 0.39e0.45 77.75 (0.51)
78.90 (0.66)
17.96 (0.26)
18.58 (0.26)
0.64 (0.16)
1.12(0.22)
0.8 0.18 0.02 823 z
Core I 0.05e0.39 82.52 (0.93)
85.33 (2.93)
11.51 (2.86)
14.43 (1.22)
0.11 (0.02)
0.15 (0.03)
0.86 0.14 0 868 b-Uþz
U-rich Core I 0.33 89.06 (1.04) 8.10 (0.94) 0.14 (0.04) 0.92 0.08 0 868 a-U
Core II 0.05e0.33 78.36 (0.92)
79.58 (0.86)
17.34 (0.94)
18.41(1.01)
0.25 (0.05)
0.45(0.19)
0.81 0.18 0.01 868 z þ b-U
Pu-rich Core II 0.13e0.33 75.90 (0.29)
77.53 (0.86)
21.27 (0.02)
21.66 (0.14)
0.17(0.02)
0.22(0.19)
0.78 0.21 0.01 868 z
a Relative radius. 0 is the centre and 1 is the surface of the fuel.
b Range of concentrations measured when applicable.
c The uncertainty (2 standard deviations) is shown in parentheses.
d Only fuel constituents U, Pu and Zr as measured by EPMA and converted to at.% are considered for normalisation.
Table 3
Secondary phases observed along the radius of the fuel ingot (EPMA results).
Phase r/r0a U þ Pu þ Zr
(wt%)b,c
Ru þ Rh þ Pd
(wt%)b,c
RE (wt%)b,c Fe þ Cr þ Ni þ
Mo þ Ti (wt%)b,c
Av. norm.
U þ Pu þ
Zr (ratio of at.%)
Av. norm.
Ru þ Rh þ
Pd (ratio of at.%)
Av. norm. RE
(ratio of at.%)
Av. norm.
Fe þ Cr þ
Ni þ Mo þ Ti
(ratio of at.%)
Estimation
of phase
Cr-rich 1 3.2 (1.03) 0.21 (0.11) 19.09 (1.02) 65.98 (6.69) 1.0 0.2 9.6 86.5 (Fe,Cr)17RE2
Pu-rich 1 59.86 (2.95) 0.20 (0.10) 4.11 (0.21) 32.09 (1.99) 29.2 0.2 3.4 67.0 Fe2Pu
Zr-rich 1 57.65 (1.95) 1.85 (1.05) 8.40 (2.50) 25.05 (3.22) 48.8 1.7 6.1 43.1 e
Zr-Ni rich 1 78.55 (5.86) 2.05 (0.96) 0.46 (0.05) 14.89 (2.29) 67.9 2.2 0.4 29.2 (Fe,Ni) (Zr,U)2
or Zr(Fe,U,Ni)
Zr-rich
“Quasi-square”
0.45 55.62 (5.96) 33.65 (6.06) 25.27 (4.76) e 57.3 37.4 0.3 e Zr(Ru,U,Mo,
Rh,Pd,Pu)
RE rich I 0.9e0.83 8.14 (3.79)
11.68 (0.62)
24.21 (0.26)
24.91 (2.25)
50.52 (0.62)
51.90 (3.85)
e
e
7.05 34.65 56.95 e RE3(Pd, Rh)2
RE rich II 0.83e0.25 4.76 (0.43)
8.31 (0.15)
21.18 (0.19)
21.66 (0.22)
56.4 (0.63)
61.65 (0.65)
e
e
4.3 30.9 64.6 e RE7(Pd, Rh)3
a Relative radius. 0 is the centre and 1 is the surface of the fuel.
b Range of concentrations measured when applicable.
c The uncertainty (2 standard deviations) is shown in parentheses.
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5.4.1. Cr-rich phase at fuel cladding interface
The main constituents of the Cr-rich phase at the fuel-cladding
interface are rare earth and cladding elements. In Fig. 6, the point
analysismeasurements, converted to at.%, led to the estimation that
the phase composition is (Fe,Cr)17RE2. This intermetallic compound
is considered to be one of the main phases formed in the Fuel-
Cladding Chemical Interaction (FCCI) layer. An intermetallic com-
pound of the same composition was present in out of pile tests,
where a diffusion system of rare earth alloy and Fewas isothermally
annealed [32]. In the (Fe,Cr)17RE2 phase, the Cr content is higher
than the initial composition of the cladding. Similar Cr enrichment
was already observed in previous irradiation [28] and out of pile
experiments [33,34]. This indicates that reverse diffusion of Cr
occurred during the irradiation: Cr diffused from the inner side of
the cladding towards the outer side against the Cr concentration
gradient. Such behaviour was observed in the ternary diffusion
system Cr - Fe - Ce, where Cr exhibited a ﬂux reversal and build up
[35]. This phenomenon was explained in Refs. [36,37] with the
presence of a zero-ﬂux plane where the interdiffusion ﬂux of a
component goes to zero and on either side of the plane occurs a
change or reversal in the direction of the interdiffusion ﬂux.5.4.2. Fe2Pu at fuel cladding interface
The main constituents of the Pu-rich phase are Fe and Pu with
few at.% of U leading to a composition ratio Fe/(U þ Pu) close to 2.
The phase Fe2Pu exists in the Fe-Pu binary phase diagram [30] with
a liquidus temperature over 1500 K, signiﬁcantly higher than the
estimated temperatures at beginning and end irradiation, 843 K
and 743 K respectively.
6. Conclusion
EPMA analysis of an irradiated metallic U-Pu-Zr fuel with 7 at.%
burn-up was successfully performed adopting stringent experi-
mental procedures to avoid fuel sample oxidation. The analysis
provided further insight in the complex conﬁguration of irradiated
ternary alloy fuel, allowing identifying relocation of major con-
stituents (especially Zr) to new phases, often in combinationwith a
speciﬁc set of elements. In particular, almost complete depletion of
Zr occurred from the central region. Zr-rich precipitates containing
Ru and/or other noble metals were located in a ring surrounding
the central region; additionally, Zr-rich precipitates and phases
were found at the fuelecladding interface. The composition of the
central region of the fuel is consistent with b-U þz and z phases.
However, the morphology would correspond to g phase. A possible
Fig. 8. Secondary electron image and electron dispersive spectrum of a low burn-up fuel sample (irradiated to a burn-up of 2.5 at.%). The spectrum in the inset conﬁrms the
presence of a nearly intact Zr-rich layer at the fuel-cladding interface.
S. Bremier et al. / Journal of Nuclear Materials 480 (2016) 109e119118explanation is proposed, based on the evolution of the local tem-
perature and the relocation of Zr occurring at later irradiation
stages.
The Zr depletion in the centre of the fuel, as well as the redis-
tribution behaviour of the fuel constituents (U, Pu, Zr), are in line
with the literature for the considered range of temperatures. In the
present work, an extensive set of quantitative measurements was
performed to determine the compositional characteristics of
numerous phases throughout the cross section examined, and
including the fuel cladding region. A total of 9 fuel constituent
phases, 2 rare-earth erich phases and 4 secondary phases near the
fuel cladding interface, in addition to a speciﬁc Zr-Ru precipitate
were analysed.
Similar analyses were carried out to characterize the outermost
region of the fuel and map the local phase distribution and
conﬁguration. Interactions between the fuel and the cladding
occurred to a limited extent, affecting a thickness of <20 mm in the
cladding and up to ~200 mmon the fuel side, with the occurrence of
a number of intermediate layers and precipitates, and themigration
of cladding elements (mostly Ni) into the fuel.
No evidence of phenomena that could be associated with
degradation processes affecting fuel safety during irradiation, such
as presence of liquid phases or local melting, was obtained. Con-
servative analysis of the EPMA results combined with thermody-
namic calculations indicated that the maximum temperature did
not exceed the melting point of the material. The new results are in
line with previous PIE data pointing to the safe irradiation behav-
iour of the present alloy fuel.
The present EPMA investigations of the irradiated ternary alloy
fuel compound allowed mapping and analysing a variety of phases
and features, extending the quantitative knowledge on this type of
fuel. This work provides the basis to move on to the analysis of
more complex systems, namely irradiated fuel compounds con-
taining minor actinides. Future work will also focus onto thecharacterization of samples at different burn-up with the aim of
obtaining a complete picture of the behaviour of this type of fuel
during irradiation and to assess the minor actinides transmutation
efﬁciency.
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